The present paper focuses on demonstrating the capabilities of modern hydroinformatics tools in the field of environmental systems by integrating biotic and abiotic process modelling. Abiotic processes like hydrodynamic flow and transport phenomena are often formulated based on physical principles like conservation of mass, momentum and energy. These processes are adequately represented mathematically by second order partial differential equations that can be solved numerically in a variety of ways. However, in aquatic ecosystem modelling, biological/ecological processes play an important role and these processes are not always understood at the required level of detail to be captured in terms of conservation principles. In this paper two modelling approaches for biotic processes are explored for representing spatial pattern dynamics of aquatic ecosystems: (i) cellular automata (CA) and (ii) multi-agent systems (MAS) models, in combination with Delft 3D-WAQ for advanced flow and transport modelling. It is shown that CA are quite capable of capturing discrete growth phenomena like outcompeting plant species which are known to depend mainly on local effects. A MAS approach can combine nonlinearity, randomness and complexity of aquatic ecosystems, which can then be used to enhance the capabilities of available physics-based software systems like the DELFT3D software suite. Figure 1 | Neighbourhood schemes: (a) Von Neumann, (b) Moore, and (c) Extended Moore. 859 H. Li et al.
INTRODUCTION
Hydroinformatics found its origin in the advancement of computational hydraulics in the early 1990s but has expanded considerably, both in scope and in application areas. It is now not only being applied in the fields of hydraulics and hydrology (often indicated by the colour blue), but also in urban applications (red), as well as in knowledge systems and knowledge management (yellow).
The present article focuses on 'Hydroinformatics in green', demonstrating the capabilities of hydroinformatics in environmental science and technology. It is part of a sequence of articles, each focusing on a particular field (colour) of hydroinformatics, which together constitute a multi-coloured rainbow of application areas that hydroinformatics has expanded into over the past two decades or so.
The combined articles on 'Hydroinformatics in multi-colours' were presented as the opening keynote of the Work- applied a MAS approach for revealing the spatial pattern dynamics of two interacting macrophytes.
One of the difficulties in modelling aquatic plant dynamics is that the large variety of species with very different characteristics cannot be represented only in terms of biomass. In the literature, many references describing the growth of a particular species use detailed physiological data relevant to the species of interest (Van Nes et al. ), which seems a more reasonable approach than using some generic formulation. Still, growth simulation models often do not consider the spatial extension of aquatic plant growth. This requires a different approach from mathematical formulae, such as empirical rules or a knowledge-based approach, or a spatially explicit modelling concept.
One such spatially explicit modelling approach, namely CA, has attracted many researchers in various fields of science since the concept was introduced (Von Neumann ). CA models deal with spatial variation and local interactions. They provide simple discrete deterministic mathematical models for physical, biological and computational systems in which many simple components act together to produce complicated patterns of behaviour (Packard & Wolfram ; Wolfram ) .
MAS have grown from artificial life and are widely accepted in many fields (Lesser ), especially in social sciences (Joshua & Robert ; Ferber ) . MAS allow aquatic spatial pattern dynamics to emerge from the behaviour of individuals or groups of individuals and their interactions, which gives insights into their growth, interaction and spreading mechanisms.
Since environmental hydroinformatics is concerned both with abiotic and biotic processes, one of the major research efforts in this field is to combine different mathematical approaches into one coherent modelling framework. Clearly, this is not an easy task since it involves the coupling of different processes with different spatiotemporal scales; the integration of different types of information and data sources, as well as the linking of different modelling concepts. Regarding appropriate scales, it may be noted that hydrodynamic and advection-diffusion processes can have a dynamic time scale of seconds, while water quality (WAQ) conditions may range from hours to days, whereas aquatic plants generally change at a much slower pace with characteristic time scales on the order of weeks or months. Although the concept of integration in aquatic ecosystem modelling is not novel (Jorgensen & Bendoricchio ), a synthesis of multi-agent based discrete modelling with physically-based continuous modelling for simulating aquatic population dynamics has only recently emerged in the literature (Li ; Li et al. ) .
This paper aims to demonstrate some available alternative modelling approaches in environmental hydroinformatics using practical examples. First, a case study is presented using CA to emulate macrophytes growth in a confined pond, comparing the simulated spatial growth patterns with observations from high resolution photographs (Li ) . Second, a synthesis of the MAS approach into a physically-based modelling framework was tested extending from Li () for modelling two types of outcompeting underwater macrophytes. (1):
DISCRETE MODELLING USING CELLULAR AUTOMATA Basic concept
where: n is the current time level, nþ1 is one time step ahead, S i1 , S i2 , S i3 , S i4 etc. are the neighbouring cells of S i , while each cell uses the same rules f. The initial pattern con- 
Influencing factors for water lily growth
In the food web of an ecosystem, macrophytes are sources of food and shelter for other species like fish and ducks. They contribute to nutrient recycling, flow condition stabilization, and can also change the hydraulic roughness of the bottom of lakes or ponds. One particular type of macrophytes considered here, the water lily (Nymphaeaceae), is rooted in the soil in bodies of shallow water (optimal depth less than about 1 m), with leaves and flowers floating on the water surface. The Nymphaeaceae family contains round leaves (diameter 6-11 cm) that are able to store sufficient energy for growth. One water lily plant can typically attain 1 m or so in height (from the bottom) and cover a surface space with a diameter ranging between 0.5 and 1.0 m, while its flower can have a diameter of 3-6 cm. Water lilies are well adapted to their habitat. They grow and live on the edge of ponds and lakes, and in the shallow water parts. The climate of their habitat is usually warm and they live in water that is rich in oxygen and receives a great deal of sunlight.
Plant growth in a pond depends on the ecological interactions and is also constrained by abiotic conditions (Brönmark & Hansson ) . In case of small lakes or ponds, conditions such as light penetration, water temperature and nutrients availability are in general homogenous and therefore contribute mainly to the temporal dynamics rather than to the spatial patchiness of aquatic plants.
Local interactions, bathymetric features and even more importantly initial seeding positions, were considered to be the main factors when developing the CA model for water lily growth. In order to set up and calibrate the CA model, weekly high resolution photos were used which show the spatial distribution of macrophytes (water lily) at the water surface in a small pond (about 52 × 26 m).
Model development
The development of the CA model for water lily growth was carried out in the Matlab environment. The photo of week 18 was processed and taken as the initial matrix (Figure 2) for the basic model and for all subsequent scenarios applied in this case study. The general assumptions for this basic CA model are:
(1) CA model cell statesthere are only two states (water lily with value 1 and water with value 0;
(2) CA model backgroundthere is no nutrient limitation, there is no influence from hydrodynamics and wind;
(3) CA neighbourhood schemesspatial extension by seed- grid size to form the basic scenario (S1). Scenarios were conducted with a multiplier of the original cell size from the basic model S1:S2 with 2 times (8 × 8 cm), S3 with 3 times (12 × 12 cm), S4 with 5 times (20 × 20 cm) and S5 with 10 times (40 × 40 cm) the original cell size (Table 1 ). In addition, modelling results are also influenced by the selection of the particular neighbourhood scheme. Therefore, these five scenarios are implemented both for Von Neumann and for Moore neighbourhood schemes.
Analysis of results
The basic model, which has 4 × 4 cm grid size, is considered as the reference to check whether it is possible to depict the patterns exhibited on the photos by using a CA model with simple if-then rules. The spatial pattern of week 30 is shown in Figure 3 (a) for the Von Neumann neighbourhood scheme For sensitivity analyses, the five scenarios shown in This leads to the general conclusion from the case study that the model performs best when the selected neighbourhood configuration has the characteristic dimensions of the particular plant species.
The case study explored here was a stagnant pond which has little environmental dynamics and no other interacting species. However, most of the lakes or ponds are much more complicated than the situations in this example. One way of including more complex interactions and influences from other dynamical processes as well, is to use a MAS approach as described hereafter.
SYNTHESIS OF DISCRETE MAS AND CONTINUOUS WAQ MODELS
The main purpose to achieve a synthesis between discrete MAS and continuous process formulations stored in the DELFT3D-WAQ OPL is to achieve online coupling of different dynamical processes involved in aquatic ecosystem Since then, ABM has been developing and forming its own theory from various elements in artificial intelligence. Li () explored the use of the DELWAQ OPL to link continuous processes including hydrodynamics (flow) and WAQ (transport) with discrete processes such as spatial pattern evolution of aquatic plants, by developing a synthesis between continuous physically-based models and discrete multi-agent-system models. Since the DELWAQ process library follows an object-oriented approach, it provides an ideal environment for developing such a synthesis model, as illustrated in a case study of two outcompeting species in an inland lake, as discussed next.
State variables and scales
In the case of submerged macrophytes, many different properties need to be represented in the modelling system.
Given the large number of macrophytes in a small area (e.g. chara can have 1,000 stems m -2 ), we consider one of the state variables of vegetation to be the stem density (Np, stem m -2 , the number of stems per square metre).
The increment of stem density per time step is assumed to be modelled based on an extended logistic function as The data sources available in this case study include point measurements and GIS annual density maps (Figure 7) for the two types of macrophytes Cs and Pp. Bathymetry data were supplied by the Dutch National Water Board (Figure 8) .
A sensitivity analysis was conducted which showed that besides plant growth, the processes of seed dispersal, spatial extension and species interactions are indispensable processes in modelling aquatic plant spatial pattern dynamics, Initial plant maps obtained from GIS density maps of the year 1994 are shown in (Figures 7a and d) . For the application in Lake Veluwe, a simplified flow dynamics model driven by wind was adopted and no nutrient limitation was considered. Due to the aquatic plants' ability of absorbing nutrients from the lake bed, it is assumed that nutrients are sufficiently available even without additional input from outside the domain. In this application, water depth and velocity contain dynamic changes, especially velocity due to the changes in wind condition.
After running the simulation for a few years, the resulting spatial patterns were simulated to become as indicated in Figure 9 . In order to take into account not only the simulation of growth and decay of two different macrophytes, and the interactions among macrophytes, but also the dynamic interactions of their living environment (flow, WAQ, etc.), special emphasis was given in this paper to how to achieve a synthesis model combining a range of processes in nonlinear aquatic population dynamics modelling. The concept is based on coupling a continuous physically-based WAQ model (i.e. DELFT3D-FLOW-WAQ) and a discrete multiagent macrophytes growth model (i.e. MAS). In the case The use of discrete modelling techniques and agentbased modelling approaches explored in this paper was seen to represent the spatial pattern dynamics quite well 
SUMMARY AND DISCUSSION

